Results indicate that the proposed structure has low dependence on the number of users, therefore, the proposed structure is suitable for cells which encounter different populations during a day, because there is little performance difference between systems with different number of users. Also the proposed structure, at Negative exponential atmospheric turbulence has small dependence on the number of relays, but this dependence is a bit more for Gamma-Gamma atmospheric turbulence. Therefore, the proposed structure increases capacity whereas maintaining performance of the system. Index Terms-Hybrid FSO / RF, Multi-Hop Relay-Assisted, Gamma-Gamma, Negative Exponential, Pointing Error; I. INTRODUCTION uring the last decades, FSO communication system is taken into considerations due to the advances in optoelectronic devices and reduction of their cost. FSO system has large bandwidth and therefore is suitable for the last-mile backup application of 4G and 5G communication systems. This system is highly secured and has simple and chip setup, and especially because of unlimited and license-free bandwidth, is suitable for bottleneck applications [1] .
received signal and then forwards it [10] .
Although that RF communication systems have stable channel, but they have low data rate and sometimes are limited by rain. One way to achieve a reliable and accessible communication is to combine FSO and RF systems. These systems, are called hybrid FSO / RF and even at bad weather conditions offer high link reliability and accessibility. Hybrid FSO / RF links are implemented in both series [10] and parallel [12] structures. In parallel structure data is transmitted via FSO and RF links simultaneously [13] or by use of a switch [14] . In this paper the link between source and destination Base Stations use simultaneous data transmission.
Many works have been done about hybrid FSO / RF systems, they have mostly investigated one hop [14] and two hop [16] structures, few papers investigated multihop structures with series [17] and parallel [18] hops. In this paper, a novel multihop relay-assisted hybrid FSO / RF system is presented. In this system, a relay connects mobile user to the source Base Station via a FSO link and a multi-hop relay-assisted hybrid FSO / RF link connects source and destination Base Stations. This structure is recommended for places where direct RF connection between mobile users and source Base Station is impossible, such as impassable areas and places where RF link is disrupted by heavy rain. Mostly, studies done about hybrid FSO / RF systems, investigate the effects of various channel and system model; it is the first time that a multiuser scheme is presented for a multi-hop hybrid FSO / RF structure. The first relay, between different mobile users, communicates with the one with the highest SNR at the relay input. However, the relay amplifies and forwards the selected signal. Both cases of known Channel State Information (CSI) and unknown CSI at the first relay, are investigated. It is assumed that the multi-hop link between source and destination Base Stations, use demodulate and forward protocol. For the first time, such a structure is investigated in wide range of atmospheric turbulences, form moderate to saturate regimes, by GammaGamma and Negative Exponential models, respectively; also in moderate to strong regimes, the effect of pointing error is also considered to accompany with actual results. It is the first time that the effect of pointing error is considered in a multi-hop hybrid FSO / RF structure. For the first time, new exact and asymptotic expressions are derived in closed-form for BER and of the proposed structure. Derived expressions are validated through MATLAB simulations. Multihop structure of the proposed system significantly increases capacity while reducing total consumed power; also simultaneous parallel data transmission, significantly improves system performance, because there is almost no condition which degrades both FSO and RF systems.
The remainder of the paper is organized as follows: system model is expressed in Section II, the proposed structure is investigated in cases of known CSI and unknown CSI in sections III and IV, respectively. In section V simulation results are compared with exact and asymptotic analytical results. Section VI is the conclusions of this study.
II. SYSTEM MODEL As can be seen in Fig. 1 , in this structure there is a relay between mobile users and the source Base Station. Relay between received RF signals from users, selects the one with the highest SNR. Assuming as the transmitted signal from − ℎ user, this signal is broadcasted in Rayleigh channel with fading coefficient of ℎ 1, , and at the relay receiver input is added by 1, , the Additive White Gaussian Noise (AWGN) with zero mean and 2 variance. The received signal at the first relay is as follows:
Assuming 1 as the selected RF signal; it is converted to FSO signal by conversion efficiency of , then is added by a DC signal with unit amplitude in order to be positive. FSO signal is then amplified and forwarded at the second hop, as follows:
This signal is transmitted through FSO channel with atmospheric turbulence intensity of 2 and at the source Base Station, is added by 2 , AWGN with zero mean and σ FSO 2 variance. After DC removal, the received signal at the second relay (source Base Station) becomes as follows:
Instantaneous SNR at the second relay input is as follows: and , (4) becomes equal to:
The second relay demodulates received signal, then generates two copies of it, then modulates and forwards them at FSO and RF links. Assuming as the number of relays, at − ℎ; = 3,4, … , + 1 hop, FSO and RF signals encounter with atmospheric turbulence with intensity fading with ℎ coefficient, respectively. Received FSO and RF signals at the − ℎ receiver input are added by AWGN with zero mean and 2 and 2 variances, then between them the one with higher SNR is selected and demodulated, then modulated and forwarded in FSO and RF links. The same procedure is continued till the destination Base Station.
The pdf and CDF of Gamma-Gamma distribution with the effect of pointing error [14] and the CDFs of Rayleigh and Negative Exponential distribution are respectively as follows: Since at the first relay the signal with the highest SNR is selected for communication, the Cumulative Density Function (CDF) of 1 , the instantaneous SNR at the first relay input, becomes as follows:
where 1,i is instantaneous SNR at the first relay input of − ℎ path. Assuming independent identically distributed different RF paths, and using (9), the CDF of instantaneous SNR at the first relay input becomes as follows:
Differentiating of (12) , the probability distribution function (pdf) of instantaneous SNR at the first relay input becomes:
Since at the − ℎ relay, the signal with higher SNR is selected for communication, and assuming independent FSO and RF links, the CDF of , the instantaneous SNR at − ℎ relay input, becomes as follows: Therefore the CDF of 2 random variable becomes:
Substituting (8) and (12) into (16) , and by using binomial expansion theorem, the CDF of 2 in Gamma-Gamma atmospheric turbulence with the effect of pointing error becomes as follows:
Substituting (10) and (12) into (16), and using binomial expansion theorem, the CDF of 2 in Negative Exponential atmospheric turbulence becomes as follows:
A. Outage Probability
Assuming that error occurs only because of wrong demodulation at each relay, and according to ( ℎ ) = ( ℎ ), of the proposed structure becomes equal to:
According to (14) , after substituting (17), (8) and (9) into (19) , of the proposed structure in Gamma-Gamma atmospheric turbulence with the effect of pointing error is equal to:
)) , of the proposed structure in Gamma-Gamma atmospheric turbulence with the effect of pointing errors becomes equal to:
According to (14) and substituting (18) , (9) and (10) into (19) , of the proposed structure for Negative Exponential atmospheric turbulence is equal to:
, and substituting equivalent Meijer-G form of
, of the proposed structure in Negative Exponential atmospheric turbulence becomes equal to:
B. Bit Error Rate
Differential modulations are less sensitive to noise and interference, and because of the following reasons, their detection is optimal: no need for CSI or complex processing at the receiver, no need for threshold adjustment feedback, no effect on system throughput, due to lack of pilot or training sequence, reducing the effects of background noise at the receiver, reducing the effects of pointing errors and whether conditions such as fog and mist [21] . BER of DPSK modulation is calculated from the following [13] :
Substituting (21) into (24), BER of DPSK modulation in Gamma-Gamma atmospheric turbulence with the effect of pointing error is equal to:
When > 1, because of multiplication of three Meijer-G function and one exponential function, the above integral is unsolvable. In this section exact and asymptotic expression are derived for BER of the proposed system in Gamma-Gamma atmospheric turbulence with the effect of pointing error.
1) Exact BER
Substituting the CDF of Gamma-Gamma atmospheric turbulence with the effect of pointing error, from Appendix A into (21) , obtains of the proposed structure, substituting the result into (24) and using [19] , BER of DPSK modulation in Gamma-Gamma atmospheric turbulence with the effect of pointing error equals to:(26)
2) Asymptotic BER
Substituting CDF of Gamma-Gamma atmospheric turbulence with the effect of pointing error, from appendix B, into (21) , obtains of the proposed structure, substituting the result in (24) and using [19] , BER of DPSK modulation in
Gamma-Gamma atmospheric turbulence with the effect of pointing error becomes equal to:(27) Substituting (23) into (24) and using [20] BER of DPSK modulation in Negative Exponential atmospheric turbulence becomes equal to:
IV. PERFORMANCE EVALUATION OF UNKNOWN CSI AT THE FIRST RELAY SCHEME According to (6) , CDF of 2 is equal to [22] :
Substituting (8) and (13) into (29) CDF of 2 random variable in Gamma-Gamma atmospheric turbulence with the effect of pointing error becomes equal to: Substituting (10) and (13) into (29), the CDF of 2 in Negative Exponential atmospheric turbulence becomes equal to:
Substituting equivalent Meijer-G form of [19] , and using [19] and [19] , CDF of 
A. Outage Probability
According to (14) , after substituting (31), (8) and (9) into (19) and substituting binomial expansion of
, of the proposed structure in Gamma-Gamma atmospheric turbulence with the effect of pointing error becomes equal to: Substituting (33), (9) and (10) into (19), of the proposed structure in Negative Exponential atmospheric turbulence becomes equal to: .
B. Bit Error Rate
Substituting (34) into (24), BER of DPSK modulation in Gamma-Gamma atmospheric turbulence with the effect of pointing error is equal to:
When > 1, because of multiplication of three Meijer-G function and one exponential function, the above integral is unsolvable. In this section exact and asymptotic expressions are derived for BER of the proposed system in Gamma-Gamma atmospheric turbulence with the effect of pointing error.
1) Exact BER
Substituting CDF of Gamma-Gamma atmospheric turbulence with the effect of pointing error from appendix A, into (34), obtains new form of of the proposed structure; substituting the result into (24) and using [19] , BER of DPSK modulation in Gamma-Gamma atmospheric turbulence with the effect of pointing error is equal to:(38)
2) Asymptotic BER
Substituting CDF of Gamma-Gamma atmospheric turbulence with the effect of pointing error, from Appendix B, into (34), obtains of the proposed structure, substituting 
the result into (24) and using [19] , BER of DPSK modulation in Gamma-Gamma atmospheric turbulence with the effect of pointing error becomes equal to:(39) Substituting (36) into (24) , and using [20] BER of DPSK modulation in Negative exponential atmospheric turbulence is equal to: )}, In this section, exact and asymptotic analytical results are compared with MATLAB simulations. Impact of number of users and relays on the performance of the proposed structure is investigated. Also moderate ( = 4, = 1.9, = 10.45) and strong ( = 4.2, = 1.4, = 2.45) regimes are considered for of Gamma-Gamma atmospheric turbulence with the effect of pointing error. and are number of relays and users, respectively. ℎ is outage threshold SNR of the proposed system. It is assumed that FSO and RF links, have equal average SNR ( ̅ = ̅ = ) , = 1and = 1. In Fig. 2 , Outage Probability of the proposed structure is plotted as a function of average SNR for various number of relays, for both cases of known CSI and unknown CSI at the first relay, for moderate regime of Gamma-Gamma atmospheric turbulence with the effect of pointing error, when number of users is = 2 and ℎ = 10 . As can be seen, in the case of known CSI, at low , there is little performance difference between various numbers of relays, but at high this difference evaporates. Since relay addition increases system capacity. The proposed structure, increases number of users that can be served, whereas maintaining performance of the system. This feature, is especially useful for modern communication systems, which should service huge number of users with favorable performance. In the case of unknown CSI, the proposed structure is dependent on the number of relays. But in the second situation, amplification gain is fixed at all circumstances, thereby system is sensitive to changes. At low target , difference between various numbers of relay is more. For example, at = 10 −2 the difference between modes of = 1 and = 2 or between = 1 and = 3 is 2 and 4 , respectively. At = 10 −4 , these differences become 2.5 and 5 , respectively. In Fig. 3 , Bit Error Rate of the proposed structure is plotted as a function of average SNR for various number of users, for moderate regime of Gamma-Gamma atmospheric turbulence with the effect of pointing error, for both cases of known CSI and unknown CSI, when number of relays is = 2. As can be seen, in both cases of known CSI and unknown CSI, system performance has very low dependence on the number of users within the cell. This difference decreases by increase in . Of course in the case of unknown CSI, system is more dependent on the number of users within the cell. Because when CSI is available, relay adjusts the amplification gain based on conditions, but in the other case, the signal is amplified with fixed gain. It is an advantage of the proposed structure that does not need to adapt its parameters according to channel conditions. Although the case of known CSI has more complexity, but it offers a reliable data transmission. In the case of unknown CSI, system performance compared with the case of known CSI, is more dependent on the number of users within the cell. At high , system sensitivity to the number of users reduces, in the sense that at high system performs almost independent from number of users. Therefore, the proposed system is suitable for networks with frequent changes in population. Generally, increasing number of users improves the performance of the proposed system for both cases of known CSI and unknown CSI, because the user with the highest Fig. 2 . Outage Probability of the proposed structure as a function of average SNR for various number of relays, for both cases of known CSI and unknown CSI at the first relay, for moderate regime of Gamma-Gamma atmospheric turbulence with the effect of pointing error, when number of users is = 2 and ℎ = 10 . is selected for communication.
In Fig. 4 , Bit Error Rate of the proposed structure is plotted as a function of average SNR, for moderate and strong regimes of Gamma-Gamma atmospheric turbulence with the effect of pointing error for both cases of known CSI and unknown CSI, when number of relays is = 2 and number of users is = 2.
The results indicate that in the case of known CSI and unknown CSI, at different target , difference between system performance at moderate and strong atmospheric turbulence regimes is variable. In the sense that at these atmospheric turbulence regimes, the system has different gains and it depends on target , the differences increases when the effect of atmospheric turbulence increases and the effect of noise decreases.
In Fig. 5 , Outage Probability of the proposed structure is plotted as a function of average SNR for various number of users, for both cases of known CSI and unknown CSI, for Negative Exponential atmospheric turbulence with unit variance, when number of relay is = 2 and ℎ = 10 . As can be seen, in the case of known CSI, performance of the proposed structure is independent of the cell population and in the case of unknown CSI, the proposed structure has slight dependence on the number of users within the cell. The more number of users, the more likely can find a signal with desirable and therefore the system performs better. The results are the same as the case of Gamma-Gamma atmospheric turbulence except that difference between different modes is reduced. In Fig. 6 , Outage Probability of the proposed structure is plotted as a function of average SNR for various number of relays for both cases of known CSI and unknown CSI, for Negative Exponential atmospheric turbulence with unit variance, when number of users is = 2. As can be seen, in both cases of known CSI and unknown CSI, at low , there is slight performance difference between systems with different number of relays, and this difference is a bit more in the case of unknown CSI. In both cases of known CSI and unknown CSI, at high , system performance becomes independent of the number of relays. Generally, series relay structure, degrades system performance, because of frequent decisions made by relays. In fact, low dependence on the number of relays, increases capacity whereas maintaining system performance, the same as in the case of Gamma-Gamma atmospheric turbulence.
In Fig. 7 , Bit Error Rate of the proposed structure is plotted as a function of average SNR for various variances of Negative Exponential atmospheric turbulence for both cases of known CSI and unknown CSI, when number of relays is = 2 and number of users is = 2. As can be seen, in case of known CSI, difference between the two atmospheric turbulence with variances of = 1 , = 2 is about 5dB and between = 2 , = 5 is about 7dB, and in the case of unknown CSI, these differences are respectively about 1.5dB and 2dB. This difference is because when CSI is unknown, the amplification gain is chosen fixed and manually, usually operators define this gain according to the worst case scenario and that is exactly why this scheme performs better than the known CSI scheme. and after some mathematical simplification, the CDF of Gamma-Gamma atmospheric turbulence with the effect of pointing error becomes as follows:
Where * denotes the convolution and the subscript ℎ In this paper, a novel multi-hop relay-assisted hybrid FSO / RF communication system is presented. In this system a relay connects RF users to the source Base Station and a multi-hop hybrid FSO / RF link connects source and destination Base Stations. This structure is suitable where direct RF connection between mobile user and the source Base Station is not possible. FSO link in moderate to strong atmospheric turbulences has Gamma-Gamma distribution with the effect of pointing error and in saturate atmospheric turbulence has Negative Exponential atmospheric turbulence. Also RF link has Rayleigh fading. Finally, the proposed structure is investigated at various number of users and relays. The proposed structure is investigated for both cases of known CSI and unknown CSI at the first relay. Results indicate that the proposed system has low dependence on the number of users, therefore the proposed structure is suitable for areas in which population density changes frequently. Also the proposed structure, at Negative exponential atmospheric turbulence has small dependence on the number of relays, but this dependence is a bit more for Gamma-Gamma atmospheric turbulence. Therefore, the proposed structure increases capacity whereas maintaining performance of the system.
